An anoxic sulfur-oxidizing moving bed biofilm reactor (MBBR) treating sulfur and nitrate-contaminated synthetic wastewater was monitored for 306 days under feed nitrogen-to-sulfur (N/S) molar ratios of 0.5, 0.3 and 0.1. Thiosulfate (S 2 O 3 2− ) removal efficiencies (RE) exceeding 98% were observed at a N/S ratio of 0.5 and a S 2 O 3 2− loading rate of 0.9 g S 2 O 3 2− -S L −1 d −1 , whereas a RE of 82.3 ( ± 2.6)% and 37.7 ( ± 3.4)% were observed at N/S ratios of 0.3 and 0.1, respectively. Complete nitrate (NO 3 − ) removal was obtained at all tested N/S ratios. A comparison of the kinetic parameters of the MBBR biomass under the same stoichiometric conditions (N/S ratio of 0.5) revealed a 1.3-fold increase of the maximum specific rate of S 2 O 3 2− oxidation (r max ) and a 30-fold increase of the affinity constant for S 2 O 3 2− (K s ) compared to those observed after long-
Introduction
Wastewaters such as pig manure, tannery effluents and pulp and paper processing effluents generally contain elevated concentrations of sulfur in the form of thiosulfate (S 2 ), which are reduced to hydrogen sulfide (H 2 S) during anaerobic digestion. 1 The presence of sulfide species (H 2 S, HS − and S 2− ) in gaseous and wastewater streams is highly detrimental due to their ability to cause corrosion and adverse effects in the environment. 2 The removal of sulfur contaminants such as H 2 S and S 2 O 3 2− using nitrate (NO 3 − ) as the electron acceptor has gained increasing interest since reduced sulfur compounds and NO 3 − can be simultaneously removed from waste streams by a single anaerobic process. [3] [4] [5] [6] [7] The operation of anoxic sulfur-oxidizing bioreactors entails the use of a highly soluble electron acceptor (i.e. NO 3 − ) and eliminates oxygen gasliquid-biofilm mass transfer limitations commonly experienced in aerobic systems. 8 Moreover, the operation of anoxic bioreactors has low environmental impacts and operational costs if nitrified wastewater or NO 3 − -containing wastewater is provided as a source of NO 3 − . 9, 10 The reaction involved in the anoxic oxidation of S 2 O 3 2− and sulfide in the presence of NO 3 − is described by eqn (1) 
Moving bed biofilm reactors (MBBR) have been widely used for the treatment of domestic and industrial wastewaters due to their effective biomass retention. [12] [13] [14] However, few studies focused on the operation of anoxic MBBRs for treating sulfur contaminated wastewaters. Full-scale sulfuroxidizing bioreactors may experience fluctuations in the influent NO 3 − concentration as well as an unexpected increase or decrease of sulfur loading, which can lead to severe NO 3 − limitation in the system. Furthermore, when the NO 3 − and nitrite (NO 2 − ) concentrations in the influent wastewater are insufficient to sustain the process, a NO 3 − source (e.g., NaNO 3 , KNO 3 , CaĲNO 3 ) 2 ) can be supplied externally to maintain the process efficiency. 15 Dosing must be strictly controlled to minimize the addition of chemicals and the operational costs. As a result, it is important to evaluate the longterm performance of an anoxic MBBR under NO 3 − limitation as well as the response and resilience capacity of the sulfuroxidizing nitrate-reducing (SO-NR) MBBR biofilm to such fluctuations. Process control evaluation and microbial community analysis are important to better understand the operational and biological variables determining the performance of the system. In this study, the long-term performance and microbial community evolution were evaluated in an anoxic sulfur-oxidizing MBBR at different N/S ratios (0.5 and 0.3 and 0.1) for 306 days.
Materials and methods

Inoculum source and synthetic wastewater composition
The MBBR was inoculated with biofilm-coated granular activated carbon (GAC) collected from a laboratory-scale fluidized-bed reactor (FBR) previously operated to study the effects of temperature, hydraulic retention time (HRT) and pH on thiosulfate-driven denitrification. 16, 17 The microbial community of the biofilm-coated GAC was dominated by sulfuroxidizing bacteria, i.e. Thiobacillus denitrificans and Thiobacillus thioparus. The GAC-attached biomass had total solid (TS) and volatile solid (VS) concentrations of 23.0 (±1.5) and 17. 6 The pH of the synthetic wastewater was adjusted to 7.0 using 37% HCl. S 2 O 3 2− was used as the representative reduced sulfur compound due to its ease of handling and stability at circumneutral pH. 11,18
Experimental set-up and operation
The MBBR used in this study was made of glass and had a working volume of 0.825 L (Fig. 1 Initially, the MBBR was filled with 180 pieces of K1 carriers (51% of total carriers) and 10 mL of biofilm-coated GAC taken from a previously operated FBR for thiosulfate-driven denitrification 17 as inoculum. Then the synthetic wastewater was fed to the MBBR up to 800 mL. The MBBR was purged with N 2 for 15-20 min to ensure the anoxic conditions and operated in batch mode for 14 days. Batch operation was stopped when the S 2 O 3 2− and NO 3 − RE exceeded 90% and biofilm formation was visually observed on the K1 carriers. Afterwards, the GAC was completely removed and 170 pieces of K1 carriers were added to the MBBR prior to starting continuous operation. Continuous MBBR operation (306 days) was divided into five experimental periods ( -N L −1 in order to adjust the N/S ratio (Table 1) . During period I (days 0-45), the microbial community in the MBBR was acclimated to continuous operation at a stoichiometric N/S ratio of 0.5 ( Table 1 ) to ensure that the biofilm formed on the K1 carriers could sustain the simultaneous removal of S 2 O 3 2− and NO 3 − . The dissolved oxygen (DO) concentration in the MBBR was 0.87 (±0.31) mg L −1 . In period II (days 46-115), the operational conditions were similar to period I but the DO concentration was reduced to 0.45 (±0.08) mg L −1 (Fig. 2a ) as a N 2 -filled Tedlar bag was connected to the top of the influent tank in order to reduce oxygen intrusion and maintain the anoxic conditions.
During period III (days 116-207), the MBBR was operated at a N/S ratio of 0.3, corresponding to an influent NO 3 − con- The performance of the MBBR in each experimental period was evaluated under steady-state operating conditions. The steady-state condition was assumed when the relative standard deviation (% RSD) of the S 2 O 3 2− RE was ≤10%.
Batch kinetic bioassays
Batch bioassays were performed to determine the kinetic constants, i.e. the maximum specific rate of S 2 O 3 2− oxidation (r max ) and the affinities of the biofilm microorganisms to S 2 O 3 2− (K s ) and NO 3 − (K n ). Bioassays were performed in duplicate in 120 mL serum bottles with 60 mL headspace, and the medium solution (pH 7.0 ± 0.2) had the same composition as the synthetic wastewater used for the continuous MBBR oper-ation. Biofilm-attached K1 carriers (9 pieces per bottle) were taken from the MBBR during steady-state conditions of operational periods II-V (days 117, 196, 244 and 305, respectively) and used as inoculum. The initial S 2 O 3 2− and NO 3 − concentrations used in these bioassays were as shown in Table 2 . The bottles were purged with N 2 for 10 min and sealed with rubber septa and aluminum crimps to ensure anoxic conditions. Subsequently, the bottles were placed on a HS 501 horizontal shaker (IKA, USA) operated at 220 rpm and 20 (±2)°C. In this study, the simultaneous S 2 O 3 2− -oxidizing NO 3 − -reducing process was described using a Monod model (eqn (3)):
However, the simplified Monod model (eqn (4)) was used when the affinity constant for NO 3 − (K n ) was much smaller than the initial NO 3 − concentration (N). 19 This was the case for microbial biofilm samples taken from the MBBR during low N/S ratio conditions (N/S ratios of 0.3 and 0.1).
where S and K s are the concentration and affinity constant for
, respectively; N and K n are the concentration and affinity constant for NO 3 − (mg NO 3 − -N L −1 ), respectively; and r max is the maximum specific rate of
Batch activity tests
Batch tests were performed in duplicate to study the SO-NR activity of the MBBR biomass by measuring the specific uptake rates of S 2 O 3 2− (STUR) and NO 3 − (SNUR) (Table S1 †). On day 117 (period II), the tests were performed to evaluate the metabolic activity of the two different types of biofilm formed on the K1 carriers, i.e. thick-dark biofilm and thin-light biofilm. At the end of the experiment (day 306, period IV), batch tests were performed to evaluate the effect of three sequential feedings on the carrier-attached and suspended biomass. The second and third feeding of S 2 O 3 2− and NO 3 − were sequentially added to the batch bottles before they were almost completely consumed. The nutrient solution was as described for the kinetic bioassays. K1 carriers (5 pieces per bottle) were taken from the MBBR and directly added as inoculum to 60 mL serum bottles with 20 mL headspace. 
Residence time distribution (RTD) test
The RTD test for the MBBR, at a theoretical HRT of 5 h, was performed on day 307 to determine the hydrodynamic behavior of the MBBR using the pulse input method as described by Khanongnuch et al. 5 The procedure used to perform the RTD test and data analysis are described in Fogler. 20 The results obtained from the RTD test were used to determine the Peclet number (Pe r ) that describes the mixing characteristics of the MBBR as shown in eqn (5) . , NO 3 − and NO 2 − in the MBBR influent and effluent were measured by ion chromatography (IC) as described by Di Capua et al. 17 Liquid samples were filtered through 0.45 μm Chromafil Xtra PET-202125 membrane syringe filters (Macherey-Nagel, Germany) and stored at −20°C prior to analysis. The DO concentration in the MBBR was measured with a HQ40d portable multimeter equipped with an Intellical™ LDO101 probe (HACH, USA). The influent and effluent pH of the MBBR were measured using a pH 3110 portable meter fitted with a SenTix 21 electrode (WTW, Germany). The pH of the liquid samples obtained from batch tests was measured using a pH 330i meter (WTW, Germany) fitted with a SlimTrode lab pH electrode (Hamilton, USA). Alkalinity was measured according to the procedure described in Standard methods. 22 During MBBR operation (days 44, 60, 90, 114, 196, 242 and 306), two pieces of K1 carrier were collected to measure the total solids (TS) and volatile solids (VS) of the K1 carrierattached biomass. Each piece of K1 carrier was added into a 15 mL Falcon tube containing 10 mL of deionized water and the biofilm was detached by manual shaking. The procedure was repeated until all the biomass was detached from the carrier. The solution containing the detached biomass was used for the determination of TS and VS contents of the carriers according to the same procedure for the volatile suspended solids (VSS) concentration in liquid samples given in Standard methods. 22 Elemental sulfur (S 0 ) was measured from K1 carriers collected on days 193, 240 and 300 using the modified cyanolysis method. 5 
Statistical analysis
A one-way analysis of variance (ANOVA) with Tukey's multiple comparison test was performed for data analysis using the Minitab 16 software (Minitab Inc., USA) to determine the statistical differences in each parameter during the steady-state operation of the MBBR. The significant difference was considered at 95% (P ≤ 0.05). The kinetic constants of Monod (eqn (3) and (4)) were determined using the non-linear programming solver (fminsearch) in MATLAB® R2018b (MathWorks Inc., USA). 
Results
MBBR performance at different N/S ratios
Residence time distribution
The mean residence time (t m ) in the MBBR obtained from the RTD analysis was 4.43 h, while the theoretical HRT calculated based on the influent flow rate was 5 h. Regarding the dimensionless RTD function (EĲΘ)) ( Fig. S1 †) , the normalized time (Θ) was defined as the RTD profile time (t) divided by t m . Thus, at Θ = 1 (the value of perfect completely mixed reactor) (t = t m = 4.43 h), 64% of the tracer had left the reactor, corresponding to an accumulative profile (FĲΘ)) of 0.64 (Fig.  S1 †) . The tracer completely left the MBBR within 22 h after the pulse injection. According to the mixing characteristics, the Peclet number (Pe r ) of 0 represents an ideal completely mixed reactor, whereas the value of an ideal plug flow is infinity (∞). In the present study, the hydrodynamic behavior of the MBBR (Pe r = 1.31) was very close to that of an ideal completely mixed reactor, resulting in a uniform distribution of S 2 O 3 2− and NO 3 − in the reactor during the study.
Biofilm quantity, characteristic and viability during MBBR operation
The weight of the carrier-attached and suspended biomass in the MBBR during continuous operation was as shown in Fig. 3 . The formation of thick-dark brown biofilm was observed on K1 carriers added prior to starting the 14 day batch mode operation (Fig. 1a) , while the carriers added at the end of the batch mode operation were observed having thin-light brown biofilm (Fig. 1b) . The thick-dark brown biofilm likely formed due to fine activated carbon particles attaching to the surface of K1 carriers. The weight of the carrier-attached biomass with thick-dark brown biofilm was 1.20 (±0.14) mg VS per carrier on day 44 and gradually increased up to 2.17 (±0.15) mg VS per carrier on day 90 (period II, N/S ratio of 0.5). Afterwards, the biomass quantity remained relatively stable until the end of the experiment (day 306). The quantity of the carrier-attached biomass with thin-light brown biofilm was nearly constant in this study (0.88-1.28 mg VS per carrier), except in period IV (day 242) when the weight was only 0.35 (±0.14) mg VS per carrier (Fig. 3) . The carrier-attached biomass with thick-dark brown and thin-light brown biofilm showed similar metabolic activities (STUR and SNUR) during period II (Table  S1 † ). Fig. 4 shows the activity of carrier-attached and suspended biomass during the sequential feedings of S 2 O 3 2− and NO 3 − in batch activity tests. After the first, second and third sequential feeding steps, the carrier-attached biomass showed a STUR and SNUR of 4.1-5. -N g VS d −1 after the third feeding, respectively (Fig. 4b , Table S1 †).
A positive correlation between biomass weight on K1 carriers and the S 0 concentration in the MBBR was observed on days 193, 240 and 300 (data not shown). The carriers with thick-dark biofilm (Fig. 1a ) contained a higher amount of S 0 (33.5-76.6 μg per carrier) than those with thin-light biofilm (Fig. 1b) 
Microbial community profile
The results of the PCR-DGGE analysis showed that the microbial community structure of the carrier-attached biomass changed during long-term MBBR operation (Fig. 6) . The sequenced DGGE bands indicated that microorganisms having 97.6-99.6% similarity to Thiobacillus sp., Chryseobacterium sp., Simplicispira sp. and Sulfuritalea sp. were present in the MBBR biofilm during all the experimental periods. However, bands 9 and 11 related to a bacterium having 99.1-99.3% similarity to T. denitrificans, which were clearly visible in the DGGE profiles of periods I, III and IV, showed low intensity in period II. Bands 10 and 16, related to bacteria having 98.9 and 100% similarity to Rhodocyclaceae and Thiomonas sp., respectively, were detected in periods I, II and III but they faded away in period IV. Band 17, related to a bacterium with 99.3% similarity to Desulfovibro sp., was clearly detected in period III, whereas it had low intensity in periods I, II and IV.
Bands 7 and 8 had no significant similarities to the bacteria in the database due to the poor quality of the sequenced DNA. The microbial community composition of the suspended biomass samples was very similar to the carrierattached communities during each operational period (data not shown). (6)) could also have occurred in the MBBR:
Discussion
Moreover, excess SO 4 2− production in the MBBR could be also produced by the complete oxidation of the biogenic S 0 accumulated intracellularly by the SO-NR bacteria during the previous long-term cultivation at extremely high S 2 O 3 2− concentrations and loading rates of the bioreactor used as an inoculum source. 6, 17 NO 3 − limited conditions could promote partial S 2 O 3 2− oxidation to S 0 in the MBBR due to excess availability of electron donor compared to electron acceptor. 17 The S 0 disproportionation can be described by eqn (7) The MBBR showed good ability to develop a SO-NR biofilm, resulting in a VS/TS ratio up to 0.94 (Fig. 3) . The affinity constant of the SO-NR biomass for S 2 -S L −1 ). 5, 24 The higher K s observed at N/S ratios of 0.3 and 0.1 (Fig. 5) were clearly due to the cultivation under NO 3 − limitation.
This study also revealed that the active SO-NR biomass decreased during cultivation at a N/S ratio of 0.1 resulted in the lowest r max . The metabolic activity of the SO-NR bacteria populating the MBBR biofilm was enhanced after cultivation under severely NO 3 − limited conditions (N/S ratio of 0.1), as the highest r max was observed during period V (N/S ratio of 0.1). The NO 3 − limited conditions probably increased the amount of active SO-NR biomass during period V, as suggested by the higher affinity constants but similar biomass concentration compared to period II (N/S ratio of 0.5) ( Table 2 ). Stress conditions such as nutrient limitation can induce a delay in biochemical conversions and enhance the production of extracellular polymeric substances (EPS), which serve as a supplementary substrate source and protect the bacterial cells from harmful toxic materials. 25 EPS overproduction can increase the adhesive properties of the biofilm, enhancing its ability to withstand stress and harsh operating conditions. 26 The results obtained from the sequential feeding experiment ( Fig. 4 , Table S1 †) revealed that the suspended biomass in the MBBR could also remove S 2 O 3 2− and NO 3 − efficiently.
As those sequential feedings resulted in an increase in the food to biomass ratio, i.e. higher substrate availability, an increase in the STUR and SNUR was observed for the suspended biomass. This observation is in agreement with the results of Reboleiro-Rivas et al. 27 who reported the utilization of high inlet organic loads with a lower biomass concentration in an aerobic moving bed membrane bioreactor treating municipal wastewater. In that study, the enzymatic activities, i.e. alkaline phosphatase, acid phosphatase and α-glucosidase activities, of the suspended biomass samples were higher than the activities observed in the attached biofilm samples due to better substrate diffusion. In biofilm reactors, fast-growing bacteria commonly grow in suspension, while the slow-growing bacteria aggregate to form a biofilm. 28 However, NO 3 − limited conditions (N/S ratios of 0.3 and 0.1) strongly reduced the suspended biomass concentration, which decreased from 200 mg VSS L −1 (period I) to less than 5 mg VSS L −1 (period IV) ( Fig. 3) . Conversely, the quantity of the attached growth biomass remained relatively constant after the acclimation period of the MBBR (day 90) ( Fig. 3) , which confirms the good resilience of the SO-NR biofilm to withstand NO 3 − limited conditions.
During the MBBR operation, the observed fine activated carbon particles attached on the surface of the K1 carriers (thick-dark brown biofilm, Fig. 1a ) were able to maintain high and constant biomass quantity, particularly under severe NO 3 − limitation (Fig. 3) . Similarly, several studies reported that the activated carbon powder provided an efficient surface for the attached biomass and increase the resistant effect of fluctuating loading of substrate enhanced biofilm. [29] [30] [31] 
Effect of NO 3 − limited conditions on microbial community composition
The MBBR enabled to effectively maintain and enrich autotrophic SO-NR bacteria such as Thiobacillus sp., T. denitrificans and Sulfuritalea sp., as they were detected at all tested N/S ratios (Fig. 6 ). The growth of heterotrophic bacteria, such as Thiomonas sp., Rhodocyclaceae bacterium and Chryseobacterium sp., in the MBBR biofilm could be sustained by soluble microbial and cell lysis products (e.g. acetate, glucose and pyruvate) available under autotrophic conditions. 16, 32, 33 In particular, the reduction of biomass weight indicated that biofilm degradation and/or detachment of the outer layer of the biofilm occurred during period IV and were likely responsible for the enhanced growth of Thiomonasand Desulfovibrio-like bacteria. Desulfovibrio are sulfate-reducing bacteria (SRB) commonly found in the inner parts of a biofilm which are also capable of disproportioning S 2 O 3 2− to H 2 S and SO 4 2− (eqn (6) and (7)). 34, 35 
Conclusions
The MBBR is a robust biofilm system for anoxic S 2 O 3 2− oxidation under severe NO 3 − limitation (feed N/S ratio 0.1). The SO-NR biofilm in the MBBR demonstrated high resiliency, being able to recover the S 2 O 3 2− RE from 37% to 94% within two days after increasing the feed N/S ratio from 0.1 to 0.5. The r max and K s of the SO-NR biofilm in the MBBR at a N/S ratio of 0.5 after severe NO 3 − limitation were 1.3-fold and 30fold, respectively, higher than those observed at the same N/S ratio prior to cultivation at lower N/S ratios. Nevertheless, long-term operation at low N/S ratios reduced the amount of active SO-NR biomass in the system. Biomass sloughing due to long-term NO 3 − limitation supported the growth of heterotrophic bacteria in the MBBR.
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